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ABSTRACT 

We present a new abundance analysis of HE 1327—2326, the currently most 
iron-poor star, based on observational data obtained with VLT/UVES. We cor- 
rect the ID LTE abundances for 3D effects to provide an abundance pattern that 
supersedes previous works, and should be used to observationally test current 
models of the chemical yields of the first-generation SNe. Apart from confirming 
the ID LTE abundances found in previous studies before accounting for 3D ef- 
fects, we make use of a novel technique to apply the 3D— ID corrections for CNO 
which are a function of excitation potential and line strength for the molecular 
lines that comprise the observable CH, NH, and OH features. We find that the 
fit to the NH band at 3360 A is greatly improved due to the application of the 
3D — ID corrections. This may indicate that 3D effects are actually observable 
in this star. We also report the first detection of several weak Ni lines. The 
cosmologically important element Li is still not detected; the new Li upper limit 
is extremely low, A(Li) < 0.62, and in stark contrast with results not only from 
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WMAP but also from other metal-poor stars. We also discuss how the new cor- 
rected abundance pattern of HE 1327—2326 is being reproduced by individual 
and integrated yields of SNe. 

Subject headings: Galaxy: halo — stars: abundances — stars: formation — 
stars: individual (HE 1327—2326) — stars: Population II — early universe 



1. Introduction 



The interpretation of the chemical abundance patterns of the most metal-poor Galactic 
stars provides important clues to our understanding of the early Universe and the chemical 
evolution of the Milky Way. To advance our knowledge about this early time the observed 



enrichment events. Currently, several groups ( 


Umeda & Nomoto 


2003 




Ghieffi & Limonei 


2002; 


Mevnet & Maeder 


2002; 


Mevnet et al. 


2006; 


Heeer &; Wooslev 


2008 


) are working on 



different models of Population HI (Pop HI) supernovae (SNe). The elemental yields of these 
SN calculations are used, among other things, for a comparison with individual old metal- 
poor stars as well as groups of metal-poor stars with similar chemical patterns. These stars 
are believed to have formed from material exclusively enriched during these early SN events. 
It can thus be tested whether just a single SN was responsible for the chemical signature in 
what could be some of the first low-mass stars that formed in the Universe. 



The recent discoveries of two stars with iron abundances of [Fe/nj^ < —5 f Ghristlieb et al 



2OO2I . I2OO4I : iFrebel et al.ll2005l : lAoki et al.ll2006l ) have already proved to b e ideal test stars for 
this sc enario because they likely formed very early on in the Universe. lUmeda &: Nomoto 
( I2OO3I ) first explained the abundance pattern of HE 0107—5240 with t he yields by one single 
SN undergoing a mixing and fallback mechanism. Subsequent work by llwamoto et al.l (120051 ) 
explained HE 1327— 2326's signature in the same manner. However, constructing such a SN 
model requires as many observed abundances as possible- it is a challenge for this star, as it 
is extremely iron-deficient, and any spectral lines are very weak (intrinsically, and because 
of the effective temperature of 6180 K) and difficult to detect. 

In this paper, we thus present new abundance measurements of HE 1327—2326, the 
currently most iron-poor star known (Frebel et al. 2005; Aoki et al. 2006). In 2005, a new 
VLT spectrum was obtained. The initial discovery spectrum had been taken with the Subaru 



^Where [A/B]= log(A'A/^B) ~^og{NA/NB)Q for the number N of atoms of element A and B and refers 
to the Sun 
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telescope. The new data have higher S/N and thus aheady facihtated the determination of 
the O abundance of HE 1327—2326 from very weak near-UV OH hues (Frebel et al. 2006). 
The O abundance provid ed a crucial ingredient for the interpretat ion of the overall chemical 
abundance pattern (e.g.. Ilwamoto et al.ll2005l : iMeynet et al.ll2006l ). 



We now use these new VLT data to i) re-determine the abundances of all elements 
obtained from the Subaru spectrum, ii) to search for (additional) lines of new and already 
detected elements in the star, iii) to obtain tighter upper limits of existing estimates, and 
iv) to c orrect all abundan ces arising from our ID model stellar atmosphere analysis for 3D 
effects (jCoUet et al.ll2006l ). For some elements, these effects are quite significant. Our mea- 
surements, and in particular the new detection of Ni, will provide observational constraints 
on the yields of the first generations of SNe. Hence, the enrichment scenario of HE 1327—2326 
can be further explored, as well as the origins of other extremely metal-poor stars. 



Observations 



A description of the spectroscopic observations can be found in Frebel et al. (2006). 
We remind the reader that due to the choice of settings the wavelength coverage of the new 
data is hmited to three regions: 3050 -3870 A, 4780-6805 A, and 5720-9470 A. The data were 
reduced with the REDUCE package (jPiskunov fc Valentill2002l ) and subsequently rebinned. 
The signal-to- noise (S/N) ratios of different wavelength regions are listed in Table [H 



3. Stellar Parameters and Model Atmospheres 



We a dopt an effective t emperature of T„ ff = 6180 K, as determined in our previous 



analyses (iFrebel et al.l 120051 : lAoki et al.l 120061 ). Back then it was not possible, however 



to disting uish whether HE 1 327—2326 would be a subgiant or a main-sequence star. In the 
meantime, iKorn et al.l (120081 ) carried out a new analysis of the Ca I/II ionization equilibrium, 
which func tions as a surface-gravity indicator. As Ca I line formation is prone to departures 
from LTE (IMashonkina et al.l 120071 ). detailed calculations have been necessary to determine 
the magnitude of non-LTE effects. Bas ed on the re s ults o f a combined analysis of Cal/II 
ionization equilibrium and Balmer lines, iKorn et al.l (120081 ) conclude that HE 1327—2326 is 
more likely a subgiant. Hence, for the present work, we will consider the star to be in this 
evolutionary stage {logg = 3.7). 

For the ID abundance analysis, we use a customary ID LTE marcs model stellar at- 
mosphere (B. Gustafsson et al. 2008, in prep.). The model has been constructed with 
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Teff = 6180 K, log£ 
star as deri ved by 



3.7, an d u 



AokietaL 



2.0km/s. The complete abundance pattern of the 



(120061 ) has been taken into account in the actual modeling. 
Incidentally, lAoki et al.l (l2006l ) also showed that an analysis based on a Kuruzc model with 
a solar chemical composition scaled down to [Fe/H] = —5 returns a very similar abundance 
pattern for HE 1327—2326 (within 0.1-0.2 dex). Th e mixing-length theo ry (MLT) formula- 
tion for the MARCS model adopted here comes from lHenyey et al.l (119651 ). 



Recently. ICoUet et al.l (120061 ) presented 3D— ID corrections to the elemental abundances 
of HE 1327—2326 derived from individual atomic as well as molecular lines. Such corrections 
were computed under the assumption of local thermodynamic equilibrium (LTE) by means 
of a differential 3D— ID analysis based on a 3D hydrodynamical and a ID marcs model 
atmosphere with the same stellar parameters; t he authors t hen a pplied the results of their 
3D — ID analysis to the abundances derived by lAoki et al.l (l2006l ) and iFrebel et al.l (120061 ) 
with a ID analysis to obtain the 3D— ID corrected chemical composition of HE 1327—2326. 
In the present work, we carry out a differential 3D — ID LTE abundance analysis for the 
newly observed atomic lines following the same procedure as in I Collet et al.l (120061 ). With 
the availability of such corrections, in this paper we focus on correcting the abundances of 
HE 1327—2326 for 3D effects to provide the most accurate as possible stellar abundances. 



4. Differential 3D— ID abundance analysis 



We use convection simulation of a metal-poor turnoff star (TefT~6200 K, \ogg = 4.04 [cgs], 
and solar chemical cora p ositio n scaled down to [Fe/H] = —3) previously generated by 
Asplund &: Garcia PerezI (12001! ) as a time-dependent 3D hydrodynamical model atmosphere 
to study the formation of the atomic and molecular features observed in HE 1327—2326 under 
the assumption of LTE. The surface convection simulation was carried out with the 3D, time- 
deperi d ent, compressible, explic it, Eulerian, radiative-hydrodynamical code by iNordlund 
( 119821 ): IStein &: Nordlundl (Il998l ). The physical domain of the simulation is a cubic portion 
of stellar surface about 21x21x7 Mm in size, large enough to cover about ten granules hor- 
izontally and twelve pressure scales in depth. The domain is discretized on a mesh with 
100x100x82 numerical resolution. In terms of continuum optical depth at A = 5000 A, the 
simulation extends from logrsooo ^ —5 down to logrsooo ^ 6. Open boundaries are employed 
vertically and periodic ones horizontally. 

The adopted gravity of log (? = 4.04 in the 3D simulation is intermediate between what 
until recently were considered the two best estimates of HE 1327— 2326's surface gravity, 
i.e., \ogg = 3.7 (subgiant solution) or logs' = 4.5 (dwarf). In solar-like stars, absolute 
elemental abundances derived from lines of minority species are essentially insensitive to 
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the exact value of surface gravity (see also Tab. 9 and 10 in lAoki et al.l l2006l ) . On the 
contrary, abundances inferred from lines of majority species (e.g., Fe II) and molecules 
are more surface gravity dependent. In practice, such surface gravity sensitivity of the 
derived abundances also changes depending on whether one considers a 3D or ID model 
atmosphere for the spectral line formation calculations. Therefore, rather than directly 
determining the chemical composition of HE 1327—2326 with the exclusive use of the above 
3D model, we instead compute differential abundances with resp ect to the results of a 



ID abundance anal ysis based on a ID marcs model atmosphere (IGustafsson et al.l Il975 



Asplund et al.ll 19971 ) with identical stellar parameters, input data, and chemical composition 
as the convection simulation. Figure [1] shows the temperature structure of the 3D model 
atmosphere adopted here as a function of optical depth; the temperature stratification of the 
corresponding ID MARCS model atmosphere is also plotted for comparison. For relatively 
small changes in terms of surface gravity, such differential 3D— ID should in fact be only 
very marginally sensitive to logg. 

While both the 3D simulation and the ID MARCS model atmosphere are constructed for 
a solar chemical composition scaled down to [Fe/H] = —3, in the line formation calculations 



we as sume the chemical abundance pattern to be the same as for HE 1327—2326 (lAoki et al. 



20061 ) when computing ionization and molecular equilibria and continuous opacities; as a 
rule, only the abundances of the trace elements are varied when calculating line opacities. In 
fact, using a scaled solar chemical composition with [Fe/H] = —3 would lead to overestimate 
the abundance of elements with low ionization potentials and, in turn, the electron density, 
therefore affecting ionization balance, continuous opacities, and, ultimately, line strengths. 
In addition, when computing background opacities and electron density, w e ado pt C, N, and 
O abu ndances midway between the values derived by lAoki et al.l ( l2006l ) and iFrebel et al. 
( 120061 ) for the subgiant and dwarf solutions: this is done in order to compensate for the 
particular choice of surface gravity in the 3D simulation and corresponding ID model. 

We compute flux profiles for all the spectral lines from neutral and singly-ionized metals 
presently obs erved in HE 1327— 2326. We also consider a set of "fictitious" CH, NH, and 
OH (see e.g., ICoUet et al.ll2006l . 120071 ) lines with varying lower excitation potentials (0 to 



3.5 eV) and log gf values within the range typical for the observed molecular bands in this 
study. From the full 3D simulation we select a 60 minutes long (stellar time) sequence of 
30 snapshots equidistant in time. We decrease the horizontal resolution of the simulation 
from 100x100 to 50x50 to reduce the computational load and time of the 3D line formation 
calculations; we also interpolate all simulation snapshots to a finer depth-scale in order to 
increase the resolution of the atmospheric layers (logr5ooo^2.5) to improve the numerical 
accuracy of the radiative transfer solution. For each line we solve the radiative transfer 
equation for all grid-points across the horizontal plane and along 33 directions (4 /x-angles. 
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8 </)-angles, and the vertical), after which we perform a disk-integration and a time-average 
over all selected 3D snapshots. We use 70 wavelength points to resolve each line profile. The 
source function for lines and continuum is approximated with the Planck function at the 
local temperature and scat tering is treated as tru e absorption. Continuous opacities come 
from the Upp sala package (Gustafsson et al.lll975l . and subsequent updates), the equation- 
of-state from Mihalas et al. ( IQSsl . and subsequent u pdates), the parti t ion da ta for atoms 
and ions from llrwin ( 1981 ) and for molecules from Sauval fc Tatum ( 1984 ). The same 
radiative transfer solver and input data are also used for spectral line formation calculations 
with the ID model atmosphere. In addition, for the ID case, we adopt a micro-turbulence of 
^ = 1.6 km s~^ for the turnoff star. We stress that no micro- nor macro-turbulence parameters 
enter the 3D spectral line synthesis calculations: only the velocity fields predicted by the 
actual 3D simulation are used to reproduce non-thermal line broadening and asymmetries 
associated with convective Doppler shifts. 

For each line, we quantify the impact of the 3D model in the analysis, by varying the 
abundance of the trace element independently in the ID and 3D line formation calculations 
until the measured equivalent width is matched: the difference between the 3D and ID 
derived abundances then defines the 3D— ID abundance correction for the given line. 

Before proceeding, we caution that the actual 3D— ID abundance corrections depend in 
part on the choice of ID model atmosphere in the differential abundance analysis. Ideally, 
one should compute the differential corrections using a ID model atmosphere that relies on 
exactly the same input physics and treatment of radiative transfer as the convection simu- 
lation. Although the input physics of the MARCS model atmosphere adopted here does not 
depart substantially from the one used in the 3D case, some differences in practice still exist. 
In particular, contrary to the 3D hydrodynamical simulation, scattering is treated correctly 
as such and not as true absorption in the ID MARCS model. Also, the two kinds of models 
rely on slightly different equations- of-state. Finally, whil e the sources of con tinuous and 
line opacities are namely the same (iGustafsson et al.l 1 19751 : iKuruca Il992l . Il993l ) , during the 
3D simulation opacities are grouped in four opacity bins to ease the computational burden 
of the radiative transfer calculations. To estimate what the effect of the particular choice 
of model atmosphere is on the 3D— ID corrections, we also performed a 3 D— ID differential 
abundance analysis based on a ID atlas model atmosphere (lKuruczlll993l ) with same stellar 
parameters and chemical composition as the 3D model. Because of the slightly higher tem- 
perature of the ID ATLAS model atmosphere in line formation regions, the resulting 3D— ID 
abundance corrections for all elements are systematically shifted 0.05 to 0.1 dex downwards 
(i.e., toward more negative values) with respect to the differential analysis based on the ID 
MARCS model. We finally note that there is no dep endence of the 3p — ID corrections on 
the adopted micro-turbulence of the ID model (see lAoki et al.ll2006l ). nor any significant 
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dependency on MLT. Molecular lines, for which the 3D— ID corrections are the largest, form 
in the upper layers of the photosphere where the type of mixing-length prescription is not 
expected to have an effect on the atmospheric structure. 



5. Chemical Abundances 

We now describe the abundances of individual elements as far as the new analysis is 
concerned. Details on the 3D— ID corrections and our new technique to apply those to 
abundances derived from molecular features are given where appropriate. The new abun- 
dance pattern is summarized in Table and in Figure [2] our results for HE 1327—2326 are 
compared wi th those for HE 107—5240, the other star with [Fe/H] < —5. We also refer 



the reader to lAoki et al.l (120061 ): they presented a detailed discussion of the HE 1327— 2326's 
chemical pattern as well as a comparison with other metal-poor stars. A detailed uncertainty 
analysis for the abundances of the star was also presented (their Table 10) and will not be 
repeated here. 



5.1. Line Data and Analysis Techniques 



Atomic line data for the abundance analy sis have been tak e n fromlAoki et al.l (120061 ) and 
references therein, substituted with lines from Christlieb et al. (2004) and references therein. 



and from the Vienna Atomic Line Database (VALD: lKupka et al. 
have been taken from B. Plez (priv. communicatio n) for CH and 
For NH we are using th e linelist of 



1999). Molecular line data 



the solar spectrum (see lAoki et al 



Gillis et all (l200lh for OH. 



Kuruca (119931 ). but add a 0.4 dex to the gf- values to fit 
20061 for details). For CH and OH we use dissociation 



energies of 3.47eV and 4.39 eV, respect ively (iHuber fc Herzberg Il979l ) . For NH we employ 
3.37 eV JSauschhcher fc Langhofjll987h . 



Equivalent widths are measured from the spectrum by fitting Gaussian profiles to the 
generally very weak lines. Upper limits (3cr) for equivalent widths are derived from a = 

1 /2 

vjnJ^^/{S/N) (where w is the pixel width, Upi^ is the number of pixels across the line (e.g., 
where a weak line would reach the continuum if a line was present), and S/N is per pixel; 
Bohlin et al.lll983l ). The measurements and upper limits for HE 1327—2326 are presented 
in Table [31 Apart from hydrogen and molecular lines of CH, NH, and OH we now find 44 
atomic lines in the spectrum of eight elements (Na, Mg, Al, Ca, Ti, Fe, Ni, Sr) a nd are able 



to det ermine upper limits of nine additional elements. The previous analysis by lAoki et al. 
( 12006! ) identified 22 atomic lines. 
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5.2. Iron 

In the Subaru spectrum seven weak Fel lines were detected (lAoki et al.ll2006l ). The 
strongest hne was measured to have an equivalent width of 6.8 mA. As already reported 
in Frebel et al. (2006) the new data confirm the presence of six of the seven lines (the 
wavelength of one line is not covered by our VLT spectrum). Additionally, we detect four 
new lines and report tentative detections of another three. This brings the total of detected 
lines to 11 Pel lines from which the metallicity is deduced. We note that the average that 
includes the abundances of the tentative Fel lines agrees within 0.03 dex with the average 
from the 11 detected lines only. Figure [3] shows the detected and tentatively detected 13 Fel 
lines in the VLT spectrum. 

Based on the new equivalent width measurements together with the one from Aoki 
et al. (2006) for the line that is not covered, we find HE 1327-2326 to have a ID LTE 
Fe ab undancj^ of [Fe/H] = —5.66, the same as the previous result reported in Aoki et al. 
J2006h . 



In this work we are now applying 3D— ID LTE corrections to our ID LTE abundances. 
Within the LTE framework, the a verage 3D— ID Fe abundance correction for Fel lines is 
negative (-0.24; ICollet et al.ll2006h . Thus, the Fel abundance of HE 1327-2326 is reduced 
to [Fe/H] = —5.90. To illustrate why the 3D— ID Fe abundance correction from Fel lines 
is negative, in Figure H] we compare the fraction of neutral to total iron in the 3D and ID 
model atmospheres. While in the ID model iron is essentially all ionized to Fell, in 3D 
a significant fraction of iron is in neutral form in the upper photospheric layers because 
of the cooler surface temperature stratificatiqn pre dicted by the 3D metal-poor convection 



simulation (see e.g., lAsplund fc Garcia Perea l200ll ). Hence, at a given Fe abundance and 



under the assumption of LTE, Fe I lines appear stronger in the 3D line formation calculations 
than they do in ID. This also implies that the same equivalent width of a Fe I line is matched 
by a lower Fe abundance in 3D than in ID. Alternatively, one can also show that the same 
Fel line forms at different depths in the 3D and ID models. Figure E] shows the contribution 
function Ci{tx) = Sx{tx) exp {—tx) to the outgoing intensity at line center in the vertical 
direction for the Fel line at A = 3859.9 A in the two models. It is apparent from the figure 
that, in 3D, the main contribution to the outgoing vertical intensity for the Fel line is given 
by layers lying higher up in the atmosphere where the temperature differences between 3D 
and ID structures are larger. 



^This value has essentially already been published in IPrebel et al.l ( 20061 ). We simply give more details 
on the derivation of this value, and also report the detection of additional Fe I lines. 
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We note that any possible non-LTE effects present within the 3D Fel hn e formation 
calculations are currently unexplored, but likely to be positive (jAsplund 2005 ). For com- 
pleteness, we remind the reader that in previous works the mea sured Pel abundan ce was 
corrected by +0.2 dex to account for ID non-LTE effects in Fel (jCoUet et al.ll2006l predict 
for Pel a much stronger departure from LTE). In principle. Pell lines should be the pre- 
ferred Pe abundance indicator as they are usually expected to be less sensitive to departures 
from LTE. However, even the strongest Pell lines are expected to be extremely weak in 
HE 1327—2326 given its stellar parameters and composition. In fact, no Pell line could be 
detected in either the Subaru or in the new VLT spectrum. The 3D— ID corrected upper 
limit is [Pell/H] < —5.40. We can also place an upper limit on the Pel 3D non-LTE effect 
of < 0.5. This is derived under the assumption that there is an ionization equilibrium of 
Pel and Pell if the surface gravity of log (7 = 3.7, as derived from an isochrone, is correct, 
and that Pe II lines are not affected by non-LTE. In the absence of Pe II lines, Ca is the only 
element detectable in two ionization stages. A s mentioned abov e, this offers the possibility 
of using Cal/II as a surface-gravity indicator (IKorn et al.ll2008l ). 



5.3. CNO elements 



Carbon, nitrogen and oxygen abundances for HE 13 27—2326 were derived by lAoki et al. 



( I2OO6I ) (C and N; from the Subaru spectrum) and then by lPrebel et al.l (120061 ) (C and O; from 
the VLT spectrum). Por the latter ID LTE analysis, corrections were suggested for all three 
elements to account for 3D model atmo sphere ef f ects. The estimated 3D— ID corrections 
were mostly based on works described in lAsplundl (120051 ) and references therein. 



Molecular features consist of many different lines with a variety of excitation potentials. 
As 3D— ID abundance corrections depend in general on the excitation potentials of the 
contributing lines, the final 3D— ID correction to the ID abundance of the trace elements in 
the molecular features has to be an appropr i ate av erage of the 3D— ID abundance corrections 



derived for individual lines. I Collet et al.l (120061 ) computed 3D— ID corrections for a few 



fictitious lines of CH, NH, and OH with selected excitation potentials. By using fictitious 
lines, the 3D— ID corrections to the CNO abundances could be studied without resorting 
to a full spectrurn synthesis with a 3D model atmosphere. Here we extend the study by 
Collet et al.l (120061 ) to consider a more comprehensive range of lower excitation potentials and 
log (7/ values of the CH, NH, and OH lines. Figures Eland [7] show the 3D— ID LTE corrections 
to the CNO abundances derived from the molecular lines as a function of line strength and 
excitation potential. In the case of CH and OH lines, 3D— ID LTE C and O abundances are 
also plotted as a function of the corrections to oxygen and carbon abundances, respectively. 
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The magnitudes of abundance corrections derived from molecular lines depend in fact not 
only on the different photospheric structures of the 3D and ID model atmospheres but also on 
the overall chemical composition and details of the molecular equilibrium. In particular, the 
line strengths of CH and OH lines are sensitive to both the carbon and oxygen abundances 
assumed in the spectral line formation calculations because of the competing formation of 
CO molecules. Temperatures in the upper photospheric layers of the metal-poor 3D model 
atmosphere adopted here are on average considerably lower than in the corresponding ID 
model. At low temperatures (<3700 K), significant fractions of C and O become locked in 
CO molecules. Thus, for instance, if one were to increase slightly the oxygen abundance in 
the line formation calculations with the metal-poor 3D model, that would then lead to the 
formation of more CO and therefore reduce the amount of carbon available for other molecules 
such as CH. Hence, at a fixed carbon abundance, but with higher oxygen abundance, CH 
lines would become weaker, and the associated 3D— ID LTE C abundance corrections would 
in turn be larger (i.e., more negative). The same argument holds for the variation of the 
equivalent widths of OH lines as a function carbon abundance. 

In order to apply the 3D— ID corrections to the CNO abundances in a more suitable 
way, we developed a new technique. We first interpolate in between the 3D— ID abundance 
corrections given as a function of excitation potential and line-strength to obtain appropriate 
corrections for all individual lines that comprise the molecular feature of interest. The abun- 
dance corrections so computed (in dex) are then subtracted (the negative corrections) from 
the log gf values for all lines in our linelist. The observed spectrum is then re-synthesized 
with the new "3D-adjusted" linelist. We call this procedure "3D-aided spectrum synthesis". 

Before we proceed further, however, a number of tests have to be made: i) We re- 
determine the "ID" abundances from the new VLT spectrum for a comparison with previ- 
ously published values, ii) We synthesize the spectrum with the new 3D-adjusted linelist. iii) 
We compare the synthetic fit derived from the original "ID" linelist with the one computed 
with the new 3D-adjusted linelist to explore the infiuence of the different 3D — ID corrections 
on different excitation potentials. The results are shown in Figures [H [9l and [TOl 

We also caution the reader that the here computed average 3D — ID abundance cor- 
rections are only valid for the considered wavelength range (because of, e.g., the specific 
combination of lower excitation potentials of the contributing lines, the continuous opacities 
at these wavelengths, etc.), and may thus not apply in general to other molecular features in 
different regions of the spectrum. Finally, we also remind that any possible 3D non-LTE or 
non-equilibriur n chemistry effe cts remain unexplored at this point in time, but are expected 



to be positive (lAsplundl l2005l ) and therefore reduce (i.e., make less negative) the effective 



3D — ID correction to CNO abundances. 
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5.3.1. Carbon 



The ID C abundance was already determined from the VLT spectrum by iFrebel et al. 



(120061 ). In the meantim e, however, a new C H hnehst has become available (B. Plez, priv 
communication, but see iFrebel et al.l l2007al for some technical details) which yields much 
improved syntheses for metal-poor stars. Hence, we use the new linelist, and derive the C 
abundance from the G-band head at ~ 4313 A. The newly derived ID abunda ncj^ of loge = 
6.90 agrees very well with previous values of loge = 6.90 (IFrebel et al.l 120051). l oge = 6.99 
( Aoki et al. 2006) and loge = 6.86 (from various CH features; Frebel et al.l 2006 ). 



The excitation potentials of the participating lines in the G-band spectral region are of 
a similar level (top panel in the figure), that results in a almost constant 3D— ID correction 
across that region. Hence, the variation in abundance between the ID and 3D-aided synthetic 
spectra does not exceed ~ 0.05 dex (see the second panel from the top in Figure [8]). The 
fit with the 3D- adjusted linelist to the individual lines of the G-band is, however, slightly 
improved due to the changes in line strengths (compare with second panel from the bottom in 
the figure). The overall fit to the data is excellent, and makes it easy to accurately determine 
a mean 3D— ID correction of C of —0.69 (bottom panel of figure). The final C abundance 
is [C/Fe] = 3.78 dex. Finally, concerning the ^^C/^'^C ratio, unfortunately the VLT data do 
not cover appropriate wavelengths to re-measure this important ratio. 



5.3.2. Nitrogen 

The ID N abundance was determined from the NH band at 3360 A for a comparison 
with the value obtained from the Subaru discovery spectrum. Our new fit is much improved 
due to increased S/N in this spectral region (now ~ 200 red- ward of the band). The newly 
de rived ID abundanc e of lo ge(A^) = 6.79 agr ees with the values of 6.68 and 6.83 presented 



m 



Frebel et all J2005[ lR and koki et aP J2006h . 



Figure [9] shows the excitation potentials of the molecular lines that comprise the NH 
fit. There is a gradual change to higher excitation potentials from 3357 to 3365 A. From 
the comparison of the ID and 3D-aided synthetic spectra it can be seen that the change in 
excitation potentials results in the 3D-aided synthetic spectrum having slightly stronger lines 
blue- ward (~ +0.1 dex) of the main NH feature at 3360 A and slightly weaker (~ —0.2 dex) 



3Where loge(X) = log(7Vx/iVH) + 12.0 

''For NH, a dissociation energy of 3.47 was used. If a value of 3.37 is employed the abundances becomes 
\oge{N) = 6.78. 
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lines on the red side (see second panel from top in Figure [9]). Irrespective of any resulting 
abundance, this effect causes an improvement of the new fit to the observed NH spectral 
region compared with the original ID linelist fit. 

This effect can not be "fixed" with a simple abundance offset since it would be the same 
for all participating lines irrespective of excitation potential. We note that this apparent 
improvement can not be accounted to continuum normalization issues since the continuum 
points of the synthetic spectra match the observed spectrum very well. If the continuum of 
the observed spectrum were determined incorrectly, those points should not be reproduced 
by the fit. We checked the Subaru spectrum, and as can be seen in Figure 7 of Aoki et al. 
(2006), the effect of the fit significantly underproducing the observed spectrum on the blue 
side, and very slightly overproducing it on the red side (their best fit is aimed at reproducing 
the red side) is present there as well. From this comparison we conclude that it is not a 
data reduction effect. We also tested if that effect would result from the dependence of the 
3D— ID correction on line strength, but found it to be negligible. We then investigated the 
influence of the effective temperature on relative line strengths, which in turn depend on 
their excitation potentials. We changed the effective temperature of the model atmosphere 
by —400 K, and fltted the blue side of the NH band again. On the red side the new flt did 
almost match the flt with the original model atmosphere. The difference on the red side was 
only about one third of the difference between the ID and 3D-aided flts. It follows that the 
apparent improvement of the flt to the data is still present, and can not be explained with 
a temperature effect only. 

It may thus be possible that the 3D effect can be directly seen in the NH band, due 
to a fortuitous distribution of excitation potentials. The overall 3D— ID correction over the 
NH range is — 0.69dex. A larger, or smaller, correction would, again, result in a less optimal 
reproduction of the observed data, thus suggesting that such a large 3D correction is correct 
and necessary to obtain a more accurate N abundance for the star. The flnal N abundance 
is [N/Fe] = 4.28. 

We note though, that we cannot exclude possible systematic effects in the present 
3D — ID differential analysis due to neglected departures from LTE and from chemical equi- 
librium at the local temperature. Hypothetically, if such departures affected all 3D — ID 
corrections for individual molecular lines (with different excitation potentials) by an approx- 
imately constant factor, then a re-scaling of all gf-values in the 3D-adjusted linelist by the 
inverse of the same factor would still lead to a very good flt of the molecular band but with 
a different flnal 3D correction. The success in the present 3D analysis thus lies in the fact 
that the relative line-to-line scatter in the abundances derived from individual lines in the 
molecular feature is very much reduced compared with the ID analysis. 
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Often, synthetic fits to observed molecular bands are not fully satisfactory. This is 
always accounted for in terms of uncertainties in the molecular line data used to generate 
the synthetic spectra. While this may still be true in the case of NH, the uncertainties 
would be the same for both the original ID and the 3D-adjusted linelists, and only affects 
our conclusions in the sense that the molecular NH data, i) either is better than previously 
thought, or ii) a different, yet unexplored, effect is responsible for the better fit to the observed 
data. The application of 3D— ID corrections in the same way as presented here should be 
further investigated for other metal-poor stars to test whether this is a more general effect 
or limited to the extreme case of HE 1327—2326. We note that while the 3D — ID corrections 
for CNO elements HE 0107—5240 are similarly large, the S/N ratio of the data at ~ 3360 A 
is not yet sufficient to infer a similar effect for this object (N. Christlieb et al. 2008, in prep.). 



5.3.3. Oxygen 

The O abunda nce determination from the VLT data was already described in detail by 



Frebel et al.l (120061 ). Apart from the offset in abundance caused by the application of the 



3D — ID correction, there generally is good agreement between the two fits (see the second 
panel from the top in Figure [TOl) . The overall 3D— ID correction for OH as determined in 
this work is —0.72 dex, and thus a slightly lower than what was estimated (— 0.9dex) in 
Frebel et al.l J2006h . The final O abundance is [0/Fe] = 3.42. 



5.4. Lithium and Beryllium 



The Li I doublet at 6707 A is still not detected in this relatively unevolved star. From 
the extremely high S/N (~ 600 per pixel) data we are able to derive a new 3a upper limit 
of loge(Li) = v4(Li) < 0.70 from our ID analysis; this is further reduced to A(Li) < 0.62 by 
application of the 3D correction. Figure [11] shows the Li spectral regions overplotted with 
synthetic spectra of different abu ndances. This is significantly lower (i.e., by 1 dex) than the 
previous limit of loge(Li) = 1.6 (lAoki et al.l 120061 ). Other unevolved metal- poor stars with 



[Fe/H] ~ —3.5 have Li values around loge(Li) ~ 2.0 (e.g.. iRyan et al.lll999l ). These objects 
have been used to infer the primordial Li abundance, which can be co mpared to the valu e 
expected from the baryon-to-photon ratio inferred from WMAP data (jSpergel et al.l 120071 ). 
loge = 2.6. The discrepancy between the WMAP result and the observed Li abundance in 
metal-poor stars has amply been established, so we shall not further elaborate on it here. 
We only note that even though the Li I lines, in general, are prone to non-LTE effects, they 
are likely to be far too small (~ 0.1 dex) to bridge the gap between the Li abundance of 
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HE 1327—2326 and that of other metal-poor star as well as the WMAP-inferred value. Also, 
gravitational settl ing of lithium as a possible solution to the discrepancy is not sufficient 
(IKorn et al.l l2008l ) It is thus very surprising that the upper limit of HE 1327—2326 is not 
only lower than the WMAP result but also considerably lower (by more than 1 dex) than 
values derived from other metal-poor star with similar evolutionary status. This means that 
either all of this star's Li was destroyed during its lifetime on the main- sequence, or the star 
was born from a Li-depleted material. 



Piau et al.l (l2006l ) developed a picture where a large fraction of the early interstellar 



medium (ISM) is "recycled" through massive rotating Pop III stars with the consequence 
that Li depleted material is deposited back into the ISM through stellar winds. The first 
l ow-mass stars woul d primarily form in the wake of those Li-deficient, but CNO rich winds 
(IMeynet et al.ll2006l . but also see above). The new lower limit of Li (together with high CNO) 
in HE 1327—2326 is in line with this theory. If this scenario were correct, any (future) ob- 
servations of yet-to-be- found dwarfs with metallicities of [Fe/H] < —4.0 should indeed reveal 



strong Li-depletion. Other options for the Li deficiency have been explored in lAoki et al. 



(120061), and include rapid rotation and HE 1327—2326 being a member of a binary system. 
As for the binary system, continued radial velocity monitoring does not (yet) suggest the 
presence of any companion. 

Beryllium is another light, fragile element observed in very metal-poor turn-off stars. 
Standard Big-Bang nucleosynthesis models do not predict a significant yield of this element. 
Be is destroyed at T = 3.5 x 10^ K, and is thus slightly more robust than Li. Hence, if the 
Be abundance, or a strong upper limit of the abundance, is determined for HE 1327—2326, 
that could provide important clues as to why the Li abundance in the star is so extremely 
low. 



In Figure [12] we show the spectral region of the two strongest Be II lines in the near 
UV. As can be seen there is a (noise) peak at the right wavelength of the 3131 A line. 
However, the S/N in this spectral region is low, so that we cautiously adopt an upper 
limit of y4(Be) < —1.2. This value is as low as th e Be abundances measured for extremely 



metal-poor stars (e.g., iBoesgaard fc Novickill2006l ). Thus, we can not derive any definitive 



conclusion from the upper limit of the Be abundance for the depletion of Li in this object. 



5.5. Other elements 



For the lines that were previously measured by lAoki et al.l (120061 ) . there generally is good 
agreement between their and our equivalent widths (there is no significant offset). Figure [13] 
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shows a comparison of the two measurements for the hnes in common. We detected many 
more hnes in the spectrum which confirm the abundances as derived from the Aoki et al. 
hnes. We can also report the first detection of four Ni hnes in HE 1327—2326 (see Figure [T^ . 
Previously only an upper limit could be derived, but now four weak lines are detected. The 
equivalent width measurements and upper limits are presented in Table [3l while the resulting 
abundances are given in Table [2l 

We also re-determined upper limits for Cr, Co, and Zn. The limits are much tighter (by 
~0.4 to 0.8 dex) than obtained from the Subaru spectrum, due to the increased S/N ratio 
of the VLT data particularly in the blue spectral region. New upper limits for Be, Sc and 
V could also be derived. Our new upper limits, together with the detection of Ni, are of 
interest when comparing the overall abundance pattern with theoretical calculations of SN 
yields. We will return to this point in § O 

Unfortunately, our spectrum does not cover suitable lines of Mn, Si, S, Sr, Ba and Eu. 
That leaves us with no information about Si and S, and only the previous values from the 
Subaru spectrum in the case of Mn, Sr and Ba. For Mn, the second strongest line yields the 
same upper limit as has been previously derived from the strongest line at 4020 A. The same 
is the case for Ba. A weaker line at 4943 A line is covered by the red setting. Figure [15] shows 
the Ba spectral regions overplotted with synthetic spectra of di fferent Ba abunda nces. The 
inferred upper limit yielded almost the same as was reported in I Aoki et al.l (120061 ) based on 



the resonance line at 4554 A. The resulting ratio is [Sr/Bajgj^ > —0.29. 

This limit is already higher than what is found in typical r-process enhanced metal- 
poor stars (-0.4 to -0.5; ISneden et all Il998l : IhIU et all I2OO2I : iFrebel et al.l l2007ah . The 
value is certainly inconsistent with ratios found in s-process-rich stars, which have much 
lower [Sr/Ba] values. Large excesses of light neutron-capture elements are also found in ex- 
tremely metal-poor stars, whose abundance ratios of light to heavy neutron-capture elements, 
such as Sr/Ba, a re significantly higher than the ratios of the known r-process yields (e.g., 
Aoki et al.l 120051). The detailed abu ndance patterns of such stars have been recently deter- 



mined by iHonda et al.l (l2006l . 120071 ). If the Sr of HE 1327—2326 were related to the process 
that provided extremely metal-poor stars with light neutron-capture elements, the Sr over- 
abundance c ould be a key to und erstanding the nucleosynthesis mechanism of the progenitor 



object (e.g.. iFrohlich et al.ll2006l ). Such process is associated with explosive nucleosynthesis. 



and is thus compatible with the pre-enrichment scenario by a previous generation SN as 
explanation for the overall abundance pattern rather than through mass transfer across a 
binary system (see below). As for Eu, since the strongest line at 4129 A is not covered, only 
a meaningless upper limit of [Eu/Fe] < 4.1 could be derived from a line at 6645 A. 



For completeness, we also provide the upper limits derived from the O I triplet and 
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forbidden 01 lines, as presented in iFrebel et al.l (120061 ) . Upper limits on the equivalent 



width and abundances are listed in Tables [3] and [2l 



6. Discussion and Conclusions 

We have presented an abundance analysis of the currently most Fe-poor star, HE 1327—2326, 
based on the currently best available observational data obtained with VLT/UVES. In an 
attempt to obtain the best possible abundances from those data, we have combined our 
ID abundances with state-of-the-art 3D— ID model atmosphere corrections. Hence, these 
abundances supersede our previous measurements. We recommend using these new 3D— ID 
corrected LTE abundances for future modeling of the abundance pattern of HE 1327—2326. 

Figure [T6] summarizes all abundances measurements for the star published to date. We 
plot the "best available" values at the time, i.e., ID abundances with non-LTE corrections 
where available in the older cases, and LTE abundances with differently determined 3D 
corrections in the newer studies. The Fe abundance differs in these works, so that we 
compare [X/H] values which leave Fe as "free parameter" . The 3D— ID corrected abundances 
are somewhat shifted towards lower values compared with the ID abundances. The biggest 
differences are found among the CNO elements (A ~ —0.7) whereas for other elements the 
differences between ID and 3D analyses are less pronounced. We note that when comparing 
[X/Fe] measurements, because of the different [Fe/H] values, some of those differences in 
[X/H] are canceled out. This fact should be kept in mind when comparing the overall 
abundance pattern with theoretically derived abundances predictions based on SN yields. 

Several groups of authors have already employed the (in the most cases the old) abun- 
dances to test current scenarios for the chemical yields of the first-generation SNe. In order 
to compare how well all these predictions reproduce our new 3D— ID corrected abundances 
presented here, we plot them all in Figure [T71 We note that all the above interpretations 
assume that the star is not a member of a binary system. This is indeed supported by 
ongoing radial velocity measurements of HE 1327—2326. Two measurem ents, one from 2007 



(D. Lai, priv. comm.) and one from 2008 agree with the previous data (IFrebel et al.ll2006l ) 
and does not indicate any significant change of the radial velocity. 



.Iwamoto et al.l (l2005l ) were the first authors to compare the ID abundances of HE 1327—2326 
(iFrebel et allboosh with their yields of a 25 Mq Pop III hypernova, for given mixing and fall- 



back parameters. Particularly, the high CN abundance together with the el evated Mg abun- 



dance were well reproduced by their yields. An updated fit was presented in lTominaga et al. 



( 120071 ) after the O abundance (with estimates for the 3D— ID correction) of HE 1327—2326 
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had been determined (IFrebel et al.ll2006l ). Hence, this model now particularly well fits our 
new CNO abundances. Na, Mg, Al, Ca and Fe abundances are well reproduced, too. The 
new abundance of Ni (3D— ID corrected) also agrees with their predicted Ni yield. 



Meynet et al.l (120061 ) investigated mass loss by a massive (60 M0) rotating Pop III star. 



and the chemical yields of the subsequent SN explosion. They find that from the combined 
yields of the stellar wind and the SN, the highly elevated ID CNO pattern of HE 1327-2326 
( jPrebel et al.ll2005l ) and that of other metal-poor stars can qualitatively be reproduced. In 
their "wind-only" model, a high N abundance can be achieved, although all other elements 
considered (except Al) are produced in insufficient quantities to reproduce the observed 
abundance pattern. 



Heger fc Woosleyl (120081 ) have computed new chemical yields for a ran ge (10-100 MfT^) o f 



Pop HI SNe. They are fitting the observed abundances of HE 1327-2326 (lAoki et al.ll2006f ) 
with either the yield of a single SN or the integrated yields of a range of SNe for a given 
initial mass function. Por various progenitor masses (mass ranges), explosion energies, and 
mixing parameters the abundance pattern can be roughly reproduced. The best fit model 
for a single SN requires a 21.5 progenitor, while the best fit model for integrated yields 
stems from the range 15-35 of progenitors. Overall, this is a similar progenitor mass as 
Iwamoto et al.l (120051) suggested. In Pigu refTTlwe show the "best single stars" fit (Panel A in 
their Pigure 14; iHeger fc Woosleyl l2008l ) in comparison with our new abundances. Overall, 
the fit is in reasonable agreement with the data and provides an interesting counterpart to 
the work of iTominaga et al.l (120071 ). 



Recently, iPrebel et al.l (l2007bl ) used C and O abundances of metal-poor stars for a 
comparison with theoretical predictions for the critical metallicity that is required to facilitate 
low-mass star formation in the early Universe. Based on the theory of fine-structure line 
cooling, it was predicted that all stars with [Pe/H] < —4.0 should have elevated C and/or O 
abundances and have -Dtrans = log(10[^/^l + 10^°/^') > — 3.5dex. The new 3D— ID corrected 
abundances of HE 1327—2326 presented here lead to -Dtrans = — 2.18dex, well above the 
critical value. 



Outlook 



To improve our understanding of the conditions of the early Universe, and to put all 
the above theories to further critical obser v ation al tests, clearly, more stars are needed with 
metallicities of [Pe/H] < —4. iNorris et al.l (120071 ) recently reported the discovery of a giant 
with [Pe/H] = —4.75. In particular, more giants should be sought at the lowest metal- 
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licities because their (lower) temperature, at a given abundance, allows for stronger lines 
that can be detected more easily. The Fe lines in the subgiant HE 1327—2326 are only 
barely detectable because of its hotter temperature. Further ultra-metal-poor stars to be 
discovered in the future will likely be fainter than HE 1327—2326 {B ~ 14.0 mag) and even 
HE 0107—5240 {B ~ 15.6 mag), which imposes yet another challenge when it comes to ob- 
taining the necessary high S/N spectra to measure very weak spectral lines particularly in 
the blue spectral region. Detailed studies of larger samples of stars at [Fe/H] < —5.0 will 
therefore require 30 m class telescopes, which will make possible such difficult but extremely 
important observations. 

We thank Martin Asplund for discussions on abundance analyses based on 3D model 
stellar atmospheres and an anonymous referee for valuable suggestions regarding our new 
3D— ID abundance correction technique. A. F. thanks Uppsala Astronomical Observatory for 
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the W. J. McDonald Fellowship of the McDonald Observatory. N. C. acknowledges financial 
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Table 1. Measured S/N ratios in different wavelengtfi regions 



A (A) 


S/N (pixel) 


Setting 


Pixel size (kms ^) 


FWHM of Th-Ar lines (pixel) 


~ 3500 


~ 170 


BLUE 346 nm 


- 2.7 


~ 3.8 


~ 3800 


~ 250 


BLUE 346 nm 


~ 2.4 


~3.7 


~ 5000 


~ 470 


RED 580 nm 


~ 2.3 


~ 3.2 


~ 6000 


~ 750 


RED 580 nm 


~ 2.4 


~3.5 


~ 6700 


~ 600 


RED 580 nm 


~ 2.1 


- 3.5 


~ 8500 


~ 200 


RED 760 nm 


- 2.3 


~ 3.4 
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Table 2. VLT/UVES abundances of HE 1327-2326 



Species 


log6(X)0 




log e(X)iD 


log e(X)3D 


[X/H13D 


[X/Fe]3D 


C (CH) 


8.39 


syn 


6.90 


6.21 


-2.18 


3.78 


N (NH) 


7.78 


syn 


6.79 


6.10 


-1.68 


4.28 


O (OH) 


8.66 


syn 


6.84 


6.12 


-2.54 


3.42 


Nal 


6.17 


2 


2.99 


2.94 


-3.23 


2.73 


Mgl 


7.53 


4 


3.54 


3.54 


-3.99 


1.97 


All 


6.37 


1 


1.90 


1.87 


-4.50 


1.46 


Cal 


6.31 


1 


0.88 


0.79 


-5.52 


0.44 


Call 


6.31 


4 


1.34 


1.26 


-5.05 


0.91 


Till 


4.90 


15 


-0.09 


-0.15 


-5.05 


0.91 


Fel 


7.45 


12 


1.79 


1.49 


-5.96 




Nil 


6.23 


4 


0.73 


0.45 


-5.78 


0.18 


Srll 


2.92 


2 


-1.76 


-1.87 


-4.79 


1.17 


Li I 


1.05 


6707 


< 0.70 


< 0.62 






Bell 


1.38 


3131 


< -1.20 


< -1.15 






Sell 


3.05 


3613 


< -1.68 


< -1.80 


< -4.85 


< 1.11 


VI 


4.00 


3184 


< 1.50 


< 1.36 


< -2.64 


< 3.32 


CrI 


5.64 


3579 


< 0.45 


< 0.26 


< -5.38 


< 0.58 


Mnl 


5.39 


3439 


< 0.84 


< 0.55 


< -4.84 


< 1.12 


Fell 


7.45 


3227 


< 1.99 


< 2.05 


< -5.40 


< 0.56 


Col 


4.92 


3454 


< 0.58 


< 0.31 


< -4.61 


< 1.35 


Znl 


4.60 


4810 


< 1.61 


< 1.65 


< -2.95 


< 3.01 


Ball 


2.17 


4554 


< -2.14 


< -2.39 


< -4.56 


< 1.40 


Bull 


0.52 


6645 


< -0.76 


< -0.80 


< -1.32 


< 4.64 



Note. — All [ X/Fe] 3D ratio s are c omputed with [Fc/H] — —5.96. Solar abundances have 
been taken from fAsplund et al 

"Syn" indicates the use of spectrum synthesis for the abundance determination. For upper 
limits the wavelength of the employed line is given. 

'^3D CNO corrections have been determined from spectrum synthesis, see text for details. 



Table 3. Atomic data and measured equivalent widths 





A 


X 


log 5/ 


This work 


Aoki et al. 






Species 


(A) 


(eV) 


(dex) 


(mA) 


(mA) 


loge(lD) 


log€(3D) 


Nal 


5889.951 


0.00 


0.12 


53.8 


48.9 


2.99 


2.93 


Nal 


5895.924 


0.00 


-0.18 


33.6 


31.5 


2.99 


2.94 


Mgl 


3829.355 


2.71 


-0.21 


23.9 


22.6 


3.48 


3.50 


Mgl 


5167.32P 


2.71 


-1.03 


8.4 


9.8 


3.68 


3.68 


Mgl 


5172.684 


2.71 


-0.40 


20.9 


21.1 


3.50 


3.49 


Mgl 


5183.604 


2.72 


-0.18 


30.4 


30.1 


3.50 


3.49 


All 


3961.529 


0.01 


-0.34 


b 


11.0 


1.92 


1.87 


Cal 


4226.728 


0.00 


0.24 


b 


2.7 


0.89 


0.79 


Call 


3933.663 


0.00 


0.11 


b 


128.9 


1.31 


1.16 


Call 


8498.023 


1.69 


-1.42 


10.0 




1.31 


1.28 


Call 


8542.091 


1.70 


-0.46 


54.7 




1.38 


1.29 


Call 


8662.141 


1.69 


-0.72 


39.1 




1.36 


1.31 


Till 


3072.984 


0.00 


-0.36 


5.4 




0.20 


0.11 


Till 


3088.037 


0.05 


0.25 


7.2 




-0.24 


-0.32 


Till 


3229.198 


0.00 


-0.55 


3.5 




0.17 


0.08 


Till 


3234.520 


0.05 


0.43 


10.1 


7.2 


-0.27 


-0.34 


Till 


3236.578 


0.03 


0.23 


6.8 




-0.29 


-0.38 


Till 


3239.044 


0.01 


0.06 


7.5 




-0.08 


-0.17 


Till 


3241.994 


0.00 


-0.05 


3.9 




-0.30 


-0.39 


Till 


3322.941 


0.15 


-0.09 


3.8 




-0.13 


-0.22 


Till 


3349.408 


0.05 


0.59 


15.3 


16.6 


-0.23 


-0.33 


Till 


3372.800 


0.01 


0.27 


13.5 




-0.02 


-0.12 


Till 


3380.279 


0.05 


-0.57 


4.8 




0.36 


0.27 


Till 


3383.768 


0.00 


0.14 


9.1 




-0.10 


-0.20 


Till 


3387.846 


0.03 


-0.43 


5.1 




0.23 


0.13 


Till 


3759.296 


0.61 


0.27 


4.9 


5.9 


-0.04 


-0.08 


Till 


3761.323 


0.57 


0.17 


2.7 


4.7 


-0.24 


-0.28 


Fel 


3440.606 


0.00 


-0.67 


5.1 




1.86 


1.48 


Fel 


3440.989 


0.05 


-0.96 


3.0 




1.80 


1.43 


Fel 


3581.193 


0.86 


0.42 


6.2 


5.9 


1.75 


1.56 
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Table 3 — Continued 





A 


X 


logs/ 


This work 


Aoki ct al. 






Species 


(A) 


(eV) 


(dex) 


(mA) 


(mA) 


loge(lD) 


loge(3D) 


Fel 


3618.768 


0.99 


0.00 


1.2: 




1.53:*^ 


1.36 


Fel 


3719.935 


0.00 


-0.43 


7.9 




1.85 


1.48 


Fel 


3737.131 


0.05 


—0.57 


4.5 


3.9 


1.76 


1.41 


Fel 


3745.561 


0.09 


—0.77 


3.9 


4.8 


1.82 


1.48 


Fel 


3748.262 


0.11 


—1.02 


1.9 




1.86 


1.53 


iiel 


3758.233 


0.96 


—0.01 


2.0 


5.1 


1.69 


1.54 


l^el 


382L).425 


0.86 


O.lb 


3.4 


2.5 


1.66 


1.49 


TT' T 

l^el 


3825.881 


0.92 


— U.U4 


1.8: 




1.58: 


1.43 


iiel 


3856.372 


0.05 


— 1.29 


1.1: 




1.79: 


1.43 


T7> T 

i'ei 


3859.912 


0.00 


—0.71 


A CI 

4.8 


6.8 


1.83 


1.45 


i'ei 


4045.812 


1.49 


0.29 


b 


1.9 


1 TO 

1.78 


1.68 


Nil 


3414.761 


0.03 


—0.03 


2.9 


< 7.5 


0.70 


0.40 


TVT' T 

JNii 


3515.049 


0.11 


—0.21 


2.1 




0.81 


0.53 


AT' T 

JNii 


3524.535 


0.03 


0.01 


2.4 




0.57 


0.26 


TVT' T 

JNii 


3619.386 


0.42 


0.04 


2.0 




0.83 


0.61 


O TT 

br ii 


4077.724 


0.00 


0.16 


b 


7.3 


— 1.76 


1 OT 

—1.87 


O TT 

br ii 


4215.540 


0.00 


—0.16 


b 


3.8 


1 TT 

— 1.75 


1 O/^ 

—1.86 


Li I 


6707.761 


0.00 


-0.01 






< 0.70 


0.62 


Li I 


6707.912 


0.00 


-0.31 






< 0.70 


0.62 


Bell 


3130.420 


0.00 


-0.17 


syn'^ 




< -1.20 


-1.15 


Bell 


3131.065 


0.00 


-0.47 


syn'^ 




< -1.20 


-1.15 


[01] 


6300.304 


0.00 


-9.82 


< 1.8 




< 8.01 


< 8.07 


01 


111\M\ 


9.15 


0.32 


< 2.0 




< 6.19 


< 6.21 


01 


7774.166 


9.15 


0.17 


< 2.0 




< 6.34 


< 6.36 


01 


7775.388 


9.15 


-0.05 


< 2.0 




< 6.56 


< 6.58 


Sell 


3572.526 


0.02 


0.27 


< 1.1 




< -1.57 


< -1.68 


Sell 


3613.829 


0.02 


0.42 


< i.o 




< -1.68 


< -1.80 


Sell 


3642.784 


0.00 


0.13 


< 1.2 




< -1.45 


< -1.54 


VI 


3183.410 


0.02 


0.46 


< 2.6 




< 1.60 


< 1.46 


VI 


3183.970 


0.04 


0.58 


< 2.6 




< 1.50 


< 1.36 
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Table 3 — Continued 





A 


X 


log 5/ 


This work 


Aoki et al. 






Species 


(A) 


(eV) 


(dex) 


(mA) 


(mA) 


loge(lD) 


loge(3D) 


VI 


3184.013 


0.00 


0.34 


< 2.6 




< 1.70 


< 1.54 


CrI 


3578.684 


0.00 


0.41 


< 1.2 




< 0.45 


< 0.26 


CrI 


3593.481 


0.00 


0.31 


< 1.3 




< 0.59 


< 0.40 


CrI 


4254.332 


0.00 


-0.11 


b 


< 2.0 


< 1.07 


< 0.88 


Mnl 


4030.753 


0.00 


-0.47 


b 


< 2.0 


< 0.84 


< 0.55 


Fell 


3227.742 


1.67 


-1.10 


< 2.2 




< 1.99 


< 2.05 


Fell 


5018.450 


2.89 


-1.22 


< 0.8 


< 2.0 


< 2.61 


< 2.66 


Col 


3453.514 


0.43 


0.38 


< 1.5 


< 6.3 


< 0.58 


< 0.31 


Znl 


4810.528 


4.08 


-0.15 


< 1.0 


< 2.0 


< 1.61 


< 1.65 


Ball 


4554.029 


0.00 


0.17 


b 


< 1.8 


< -2.14 


< -2.39 


Ball 


4934.100 


0.00 


-0.16 


< 1.1 




< -2.04 


< -2.23 


EuII 


6645.064 


1.38 


0.21 


< 1.1 




< -0.76 


< -0.80 



'^The blend with an Fe hne is neghgiblc. 

^These lines are not covered by the new VLT data. 

^These lines are not included in the final abundance estimate. 

'^Abundance limit was derived from spectrum synthesis. 
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Log T x=5000A 

Fig. 1. — Temperature structure the upper layers of the 3D hydrodynamical simulation 
adopted in the present 3D— ID differential abundance analysis. Gray shaded area: temper- 
ature distribution as a function of optical depth at 5000 A in the 3D model. Darker areas 
indicate temperature values with higher probability. Dashed line: mean temperature strati- 
fication of the simulation (averaged over surfaces of constant optical depth at 5000 A). Solid 
line: temperature stratification of the ID MARCS model constructed for the same stellar 
parameters. 
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Fig. 2. — Abundance pattern of HE 1327—2326 {filled circles) in comparison with that of 
HE 0107—5240 [open squares). Typical la errors of 0.2 dex are shown. Upp er hmits are 



indicated by an arrow. The 3D abundances for HE 0107—5240 are taken from lCoUet et al. 
J2006h . 



- 29 - 



1.05 




1.05 



0.95 



1.05 



_ 1 1 1 


1 1 1 1 1 1 1 

Fe I 
^1 








VLT _ 


III 





Subaru 



1.05 



Fe I 



0.95 



^■^^ tentative detection VLT 

J I I I \ \ \ \ \ \ \ \ 

3580.5 3581 3581.5 3583 3618 3618.5 3619 

1.05 



_ 1 1 1 1 1 1 1 1 

F 


1 1 1 1 1 1 1 1 

3 I 





VLT _ 
Subaru 



3719 3719.5 3720 3720.5 3721 



3736.5 3737 3737.5 



1.05 



0.95 



1.05 



Fe I 



J I L 

3748 



1.05 



0.95 



0.95 
3738 
1.05 



Fe I 



VLT . 
Subaru 



3748.5 



I I 
3757.5 



I I 
3758 



3758.5 



0.95 



Fe I 



tentative detection 




VLT 
I 



1.05 



0.95 



Fe I 



tentative detection 



0.95 



1.05 



0.95 



_ 1 1 1 1 


1 1 1 1 1 1 1 1 1 _ 
Fe I 


1 1 1 1 


VLT _ 
Subaru 




3745 


3745.5 3746 


_ ' 1 ' 


1 1 1 1 1 1 1 _ 
Fe I 


1 1 1 


VLT 
Subaru 

1 1 1 1 1 1 


3820 


3820.5 


_ 1 1 


1 1 1 1 1 1 1 i_ 
Fe I 


1 


y VLT 

Subaru 



3825.5 3826 3826.5 

Wavelength [A] 



3856 3856.5 
Wavelength [A] 



3859.5 3860 
Wavelength [A] 



Fig. 3. — All detected and tentatively detected Fel lines in the VLT/UVES spectrum of 
HE 1327—2326. Equivalent width measurements can be found in Table [31 
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Fig. 4. — Ratio of neutral to total iron number densities (tifci/'^Fc) as a function of optical 
depth at 5000 A. Gray shaded area: distribution of Ufci/'^Fc values in the 3D model atmo- 
sphere adopted here; darker areas indicate values with higher probability. Over-plotted are 
the curves for the mean 3D stratification [dashed line) and for the corresponding ID marcs 
model atmosphere {solid line). 
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Fig. 5. — Contribution function to outgoing intensity in the vertical direction at line centre 
for the Fel 3859.9 A line as a function of optical depth. Gray shaded area: distribution of 
the contribution function values in the 3D model atmosphere adopted here; darker areas 
indicate values with higher probability. Over-plotted {solid line) is the contribution function 
computed with the corresponding ID MARCS model. The reported 3D and ID Fe abundances 
are the ones reproducing the measured equivalent width of the line. 
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Fig. 6. — 3D — ID LTE corrections to the C {left panel) and O abundances {right panel) 
as derived from fictitious CH and OH lines. Carbon and oxygen abundance corrections are 
plotted as a function of line strength for selected values of the lower excitation potential (0 
to 1.5 eV) and for different values of 3D O and C abundances respectively. 
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Fig. 7. — 3D— ID LTE corrections to the N abundance as derived from fictitious NH lines. 
The corrections are plotted as a function of line strength for different values of the lower 
excitation potential. 
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30 ■ corrected synth. spectra: 
log e(C) = 6.01 (red dotted line) 
log e(C) = 6.21 (red solid line) 
log e(C) = 6.41 (red dotted line) 
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Fig. 8. — CH G-band spectral region of HE 1327—2326. In the top panel, the excitation 
potentials of the molecular CH lines are presented. In the second panel from the top, the 
flux difference between the "ID" and "3D-aided" synthetic spectra (from the panel below) 
is given. A comparison of the "ID" synthetic spectrum with a synthetic spectrum generated 
from the 3D-adjusted linelist is shown in the second panel from the bottom. The abundance 
of the "3D-aided" synthetic spectrum was varied to reproduce the "ID" spectrum, and so 
that the average difference of the two fluxes seen in the panel above becomes zero over 
the given wavelength range. Abundances are as given. In the bottom panel we show the 
observed Subaru/HDS spectrum (dots) overplotted with "3D-aided" synthetic spectra with 
C abundances of [C/Fe] = 3.78 {solid line), 3.58, and 3.98 {dotted lines). The average 
3D— ID correction over this wavelength range for CH is — 0.69dex. 
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Fig. 9. — Same as for Figure [HI but for the NH spectral region. The observed VLT/UVES 
spectrum (dots) in the bottom panel is overplotted with "3D-aided" synthetic spectra with N 
abundances of [N/Fe] = 4.28 {solid line), 4.08, and 4.48 {dotted lines). The average 3D— ID 
correction over this wavelength range for NH is — 0.69dex. 



- 36 - 



3 
2 
1 


0,01 


-0.01 



X 

> 
1) 



0.95 



0.9 



0.85 



H h 



H — h 



H ^ 1 1 h 



■■■■ ^ \- ■'■ .? 

H — \ — \ — \ — \ — h 



H \ 1 1 \ 1 \ \ 1 \ 1 1 \ h 



3115 



H — 1 




/I 



3120 



rn 



Synthetic spectra: 
ID original: log e(0) 



H — h 




6.84 (black line) 



3D corrected: log e(0) = 6.12 (green dashed line) 

J I \ \ I \ I I \ I \ \ I \ I I \ U 



3125 3130 
Wavelength [A] 



3135 



3140 



Pi 



> 
-t-> 

"3 




3112 3113 
Wavelength [A] 



3117 3118 3119 

Wavelength [A] 



3120 



1 


1 1 1 1 1 . 1 1 1 1 1 1 1 


1 i 1 1 1 1 1 1 J 














0.9 










OH 


Observed spectrum: black line 




~ OH 


OH CH OH 








3D corrected synth. spectra: 












log 


e(0) = 5.93 (red dotted line) 












log 


e(0) = 6.12 (red solid line) 


0.8 


"ill 


1 1 1 1 1 


1 


1 


log 
1 


e(0) = 6.32 (red dotted line) _ 
1 1 1 1 1 




3127 


3128 








3141 3142 



Wavelength [A] 



Wavelength [A] 



Fig. 10. — Same as for Figure El but for several spectral region with OH lines. The observed 
VLT/UVES spectrum (dots) in the two panels at the bottom is overplotted with "3D-aided" 
synthetic spectra with O abundances of [0/Fe] = 3.42 {solid line), 3.22, and 3.62 {dotted 
lines). The average 3D— ID correction over this wavelength range for OH is — 0.72dex. 
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Fig. 11. — Spectral region (connected dots) of the Li I doublet at 6707 A in HE 1327—2326. 
Synthetic spectra are overp lotted [solid lines) for three Li abundances. The upper limit is 
A(Li) < 0.62. 
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Fig. 12. — Spectral region {connected dots) of the two beryllium lines at ~ 3130 A in 
HE 1327—2326. Synthetic spectra are overplotted {solid lines) for three Be abundances. 
The upper limit derived from both lines is loge(Be) < —1.2. 
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Fig. 13-— Com parison of the equivalent width measurements between this work and 
Aoki et al.1 tood ). 
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Fig. 14.— Three of the four detected Nil hnes in the VLT/UVES spectrum of 
HE 1327-2326. 
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Fig. 15. — Spectral region [connected dots) of the barium line at 4937 A in HE 1327—2326. 
Synthetic spectra are overplotted [solid lines) for three Ba abundances. The upper limit for 
this line is loge(Ba) < -2.04. 
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Fig. 16. — Comparison of previously published abundances [X/H] of HE 1327—2326. 
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Fig. 17. — Comparison of the new 3D— ID corrected abundances [X/Fe] of HE 1327—2326 
with predictions from various models based on chemical yields of the first-generation SNe. 
See text for discussion. 
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Synthetic spectra: 

ID original: log e(0) = 6.84 (thick line) 
3D corrected: log e(0) = 6.11 (thin line) 
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